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Olill(Ml XAPAKTEPJJCTJIKA PAliOThl 

AKTyanbHOCTb pa6oTbI 

I1p11 seex sne'IaTJJJIIOLQllX yenexax 611onorH11 11 reHeTllKH Ja noerre,11HHe ,11ecJ1THJJeTHJ1, 

onpe.11erreH11e erp)'KTypHOH opraH11JaQllH xpoMaTllHa B ll,llpe 3)'Kap110TH'IeeKOH KJJeTKH oeTaeTell 

aonpoeoM, .110 KOHQa HepeweHHblM. }J;e30KeHpH60H)'KJJeHHOBal! KHCJJOTa ()];HK) - 3TO 

HeaepOllTHO .llJlllHHal! nOJJHMepHall MOJJeKyrra, HaXO.llJl!l{al!ell B O'leHb KOMnaKTHOM ll,llpe KJJeTKH. 

MHorOKparnoe COKpaLQeHHe JIHHeHHblX paJMepOB }];HK 06eeneq11saeTeJ1 ee ynaKOBKOH B 

xpoMaTHH e noMOLQbIO ene1.111arrbHbIX apx11TeKrypHbrX 6errKoB. Hanp11Mep, eerrH paenaKOBaTb 

reHOM qeJIOBeKa, TO ero ,llJlllHa eoeTaBHT 2 MeTpa, B TO BpeMJI KaK ,llHaMerp ll,llpa MeHbWe 10 

MllKpOH, a eaMblH 60JJbWOH, llJBeeTHblH Ha ,11aHHblH MOMeHT, reHOM B 200 PaJ 6oJJbWe, 'leM y 

qerroseKa (Amoeba dubia). 

KpoMe xpaHeHHJI reHeTll'IeeKoil HHcpopMaQllH, B nep110.11 llHTepcpaJbI B ll.llpe KneTKH 

OeYLQeCTBJJJllOTCJI eJJOlKHble npo1.1eeebI 6HOellHTeJa )];HK, a TaKlKe e'IHTbIBaHHe 1.mcpopMaQHH 0 

eTp)'KType 6errKa. Bee 3Tll cpyttKQllH OeYLQeCTBJJJllOTell 3a peKOp,llHO KOpOTKOe BpeMll. 3TO 

npllBO,llHT K TOMy, 'ITO HllTb )];HK ,llOJ!lKHa O'IeHb 61.rerpo paenaKOBbIBaTbell, 'IT06bl HYlKHbIH 

yqaeTOK reHa Mor 6bITb e'IHTaH. c .11pyroil eTOpOHbl MaKpOMOJJeKyrra )];HK yrrolKeHa B O'IeHb 

He60JJbWOM o6beMe, nopJ1,11Ka HeeKOJ!bKHX MllKpOH. I1pe.11nonaraeTell, 'ITO 3TO esl!JaHO e 

npHHQllnaMH rpaHenopTa, KOTOpbie HanpllMyIO eBl!JaHbl II onpe,11eJJJ110Tell oeo6eHHOeTl!MH 

eTpYKTYPHOH )'KJ!a,llKH xpoMaTHHa. I10HllMal!, KaK pa6oTalOT, Te HJlll HHbie reHbl B COeTase 

)];HK, Mb! see eLQe He JHaeM scex npllHQllnOB ynaKOBKH xpoMaTHHa B ll,llpe. 

c O,llHOH eTopOHbl , eTp)'KTypHal! opraHH3at1llll xpoMaTllHa npllBO,llllT B Bbieweil eTenem1 

ero KOMnaKTHOeTll, a e .11pyroil , K enoeo6HOeTH 6brerpoil paenaKOBKH )];HK. BalKHO OTMeTllTb, 

'ITO 3aqaeTyIO llMeHHO 3TH .11sa cpaKTOpa cpopMHpyIOT eTp)'KTypHbIH II cpyttKQllOHaJJbHblH ,llll3ai!H 

opramt3MOB. I1epBblH 113 HHX - 3TO erpeMJJeH11e K MaKeHMaJJbHOH MeTa6on11qeeKOH 

enoeo6HoeTH, noeKOJ!bKY OH np0113BO,llHT 3HeprHIO II BeLQeCTBa, Heo6xo,llHMble ,llJIJI 

no.11.11eplKaH11ll 11 soenpoHJse,11eHHll lKHJHll. )J;oCT11raeTell no Ja eqeT yaen11qeHHll nrroLQa,1111 

nosepxHoen1, qepe3 KOTOpyIO npo11exo.1111T o6MeH peeypeaMH e OKpYlKaIOLQeil cpe,11011. BTopoil 

cpaKTOp - yserr11'IeH11e BHyrpeHHeil ::icpcpeKTllBHOeTH Ja e'IeT YMeHbWeHHll paeeTOllHHll, Ha 

KOTopoe rpanenopT11pyIOTCJ1 MaTep11arrb1, H, ene.11osaTen1.no, speMJ1, Heo6xo,1111Moe .llJJJI 

rpaHenopTa (!]. 3Ta TeH,lleHQllll K YMeHbWeHHJO npllBO,llllT K KOMnaKTllJaQllll lKHBOH e11eTeMbl, 

llHblMH CJIOBaMll, K MllHllMllJal.11111 o6beMa. 3Tll ,llBa cpaKTOpa llBJllllOTell npOTHBOnOJJOlKHblMll 

.11pyr .11pyry, 11 Mopcponornll lKllBOro opraHllJMa, cpopMHpyIOLQerocl! no.11 BJJllJIHHeM ,11ayx 

npOTllB06opeTByIOLQHX cpaKTOpOB H npHHllMaeT HaH6onee BbirO/:{HyIO l1JJJI Bb!lKllBaHHJI cpopMy. 

KpoMe Toro, npoeToTa pearrttJaQHll JaKOHOB aoenpoHJBe,11eH11J1 llBJ!JleTell TpeTbllM, He MeHee 

BalKHblM esoileTBOM, K KOTOpOMY erpeM11Tel1 lKH3Hb. B np11po.11e eTp)'KTypbl 3aqaeTyIO 
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reHep11p}'IOTCll MHOrOKpaTHblM nOBTOpeH11eM OAHOro 11 TOro JKe Mop¢oreHeTH'leCKOro 

MexaH113Ma, Hanp11Mep, BeTBJieH1111. Ha116onee HarnJ1AHOH pean113au11ei1 3Toro np11Hu11na 

11BJIJ1T&c11 Aepeeo. 0Ho pacTeT TaKl1M o6pa30M, 'ITO Ha KaJKAOM cneAYJOIQeM ypoeHe BeTBneHHJ1, 

C}'MMa KBaApaTOB paA11YCOB BeTOK paBHa KBaApaTy paA11yca BeTBl1, 113 KOTOpOH np01130IIIJ!O 

BeTBJieH11e. PeKKypeHTHOe CBOHCTBO, on11Cb1Bal01Ql1e pocT AepeBa 6blJ!O 3aMe'leHO eIQe 

JieoHapAo ,Ua 811H'l11 [2]. 

YnaKOBKa ,UHK npo11cxoA11T B HeCKOJibKO JTanoB. Ha116onee 113yqeHHOH C'l11TaeTc11 

HYKJieOCOMHall CTPYKTypa 11HTep¢a3HOro xpoMaT11Ha, B TO BpeMll KaK ero KpynH0MaC1I1Ta6HaJ1 

CTPYKTYPa Ha ceroAHlllllHl1H MOMeHT AOCTOBepHo He113eecTHa. To'IHO 113eecTHO, 'ITO 

ABycn11panbHaJI Hl1Tb ,UHK HaMaTbJBaeTCll Ha cneu11aJibHbie 6eJIKl1 r11CTOHbl, TeM caMblM 

KOMnaKTl13YJICb B 7 pa3, o6pa3yll HYKJieOCOMbl. 4TO KaCaeTCll CJieA}'IOIQ11X MaC1I1Ta6HblX 

ypOBHeH, TO np11HQl1Tibl 11X npOCTPaHCTBeHHOH opraHl13aQ1111 aKTl1BHO o6cYJKAalOTCll Ha 

ceroAHJllIIHHH AeHb. 0AH11M 113 Ha116onee AOCTOBepHbIX 11 1rn¢opMaT11BH&1x MeTOAOB 

11CCJieAOBaHl1ll cy6M11KpOHHblX o6beKTOB llBJ!lleTCll Manoyrnoeoe paccel!Hl1e HeHTPOHOB 

(MYPH), n03BOJ!lllOIQee npOBOAl1Tb 11CCJieAOBaHl1ll B Al1ana30He pa3MepoB OT I HM AO I MKM. c 
noMOIQb!O MYPH MOJKHO y3HaTb pa3Mep, ¢opMy 11 BHYTPeHHIOIO CTPYKTYPY HaHoo6beKTOB. B 

OTJ!l1'111e OT M11KpOCKOTil111, MeTOAbl paccellHHJI Aa!OT 11H¢OpMau1110 OT BCero o6beMa o6pa3ua, 

'ITO AenaeT 11x coeep1I1eHHO Heo6xoA11MbIM11 AJill 113yqeH1111 TPexMepHbJX o6beKTOB. 

8b1C0Koe pa3pe1I1eH11e JT11x MeTOAOB AOCT11raeTc11 Konn11Mau11ei1 naAa101Qero Ha o6paJeu 

nyqKa 11 6oJibllll1M pacCTOllHl1eM OT o6paJua AO AeTeKTopa, 06ecneq11ea101Qee BhICOKOe yrnoeoe 

pa3pe1I1eH11e ycTaHOBKl1 . B pe3yJibTaTe, Cl1CTeMOH KOJ!Jll1MaTOpOB 11 MOHOXpOMaTOpOM 

Bblpe3aeTCll AO 99% 11HTeHCllBHOCTl1 HeHTPOHHOro nyqKa, 11cnycKaeMoro 11CTO'IHl1KOM, a caM11 

ycTaHOBKll MOrYT AOCTl1raTb B AJ!llHY 40 M~OB. 3Tl1 oco6eHHOCTl1 MaJIOyrJIOBbIX HeHTPOHHblX 

ycTaHOBOK Hanara!OT BbICOKl1e Tpe6oBaHl1ll Ha HeHTPOHHbie 11CTO'IHl1Kl1 11 ycTaHOBKl1, TaK11e KaK 

BblCOKaJI 11HTeHCl1BHOCTb HeHTPOHHblX nyqKOB 11 60J!bllll1e pa3Mepbl HeHTPOHOBOAHblX 3aJIOB. 

11cnOJib30BaH11e HeHTPOHHOro CTil1HOBOro 3Xa B ManoyrnoBOM paccellHl111 HeHTPOHOB 

no3BOJ!JleT A0611TbCll BbICOKoro pa3pe1I1eH1111 6e3 Konn11Ma1.11111 naAa101Qero nyqKa 11 nonyqaTb 

11H¢opMau1110 o MaJibIX yrnax pacce11H1111 Ha ¢oHe np11Moro nyqKa, npo1I1eA1I1ero qepe3 o6paJeu. 

3TOT MeTOA nonyq11n Ha3BaH11e CTil1H-3XO Manoyrnoeoro paccel!HHJI HeHTPOHOB (C3MYPH) 11 

AaJI B03MOlKHOCTb 11CCJieAOBaTb MaTep11a!lbl B 1I111pOKOM A11anaJOHe MaC1I1Ta60B - OT 20 HM AO 20 

MKM [3, 4]. TexH11Ka C3MYPH l!BJ!JleTCll OAHOH 113 caMbIX 113lllQHblX pean113au11i1 MeTOAa 

YJibTPaManoyrnoeoro (YMYPH) paccel!HHJI HeHTPOHOB 11 OKaJaJiaCb KOMTIJ!eMeHTapHOH MeTOAY 

MYPH nocKon&Ky oHa, eo-nepBbIX, pac1I111p11eT npocTPaHCTBeHHbIH A11anaJoH 11ccneA0BaH11J1 11, 

BO-BTOpbIX, TI03BOJ!lleT 11CCJ!eAOBaTb aHanor KOppe!!llQ110HHOH <l>YHKQl111 pacce11Ba101Qero 

o6beKTa B peanbHOM npOCTPaHCTBe, KOTOpal! llBJ!lleTCll npeo6pa30BaH11eM XaHKeJ!JI OT Ce'leHl1ll 
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pacce11H1111. MeToA C3MYPH ecerAa AaeT 11H¢opMa1.11110 o Koppen11u110HHOH AJil1He 

11ccneAyeMoro o6beKrn, KoTopyw 11HorAa He yAaeTcll onpeAen11Tb 113 KJiacc11qecKoro MYPH. 

11cnonb30BaH11e MeTOAa C3MYPH no3eon11n 11ccneA0BaTb CTPYKTYPY xpoMarnHa Ha 

MaC1I1Ta6ax nopllAKa pa3Mepa caMoro !!Apa. C noMOIQb!O MeTOAOB C3MYPH 11 MYPH 

nonyqeHa CTPYKTYPHal! 11H¢opMauHJ1 06 061Q11x np11Hu1max opraH113au1111 xpoMaT11Ha Ha ecex 

ypOBHllX opraH113au1111. 

UeJib 11 JaAa'I 11 11ccJieAOBau11u 

Uenh!O pa6oTbI llBJIJleTCll 11ccneAOBaH11e CTPYKTYPHOH opraH11Jau1111 xpoMaT11Ha B !!Ape 

611onor11qecKoi1 KJieTKll MeTOAaM11 Manoyrnosoro pacce11HHJ1 HeHTPOHOB. 

,Unll AOCTl1lKeHl1ll nocTaBJ!eHHOH uen11 He06XOAl1MO 6blJ!O pe1I111Tb CJ!eA}'IOIQl1e JaAa'111 : 

J) CTpoBeCTl1 KJiacc11¢11KaQl1!0 ¢paKTaJibHblX OfibeKTOB KOHe'IHblX pa3MeTOB C TIOMO!Qb!O 

MeTOAa MaJIOyrnoeoro paccel!Hl1JI HeHTPOHOB. 

2) 11ccneAOBaTb CTPYKTYPH}'IO opraH11Jau1110 xpoMaT11Ha B l!Apax Kyp11Hh1x 3Pl1TPOI.111TOB 

11 B l!Apax KJieTOK HeLa MeTOAaM11 MYPH 11 cn11H-3XO MYPH. 

3) npoeecrn cpaBHeH11e CTPYKTYPHOH opraH11Jau1111 xpoMaT11Ha B AeJ!l!IQllXCll II 

HeAeJIJ11Q11xc11 J YKap110T11'1eCK11X KneTKax, ofo1apYJKl1Tb 061Q11e 11 pa3n11qa101Q11ec11 

xapaKTep11CTl1Kl1. 

HayquaH HOBllJHa pa60Tbl 

I . BnepBb1e MeTOAOM C3MYPH 6&ma 11ccneAOBaHa CTPYKTYPHa11 opraH111auHJ1 

xpoMaTl1Ha B !!Ape lKl1BOH KJ!eTKl1 Ha MaC1I1Ta6ax nopllAKa M11KpoHa. Pa3pa6oTaHa MeTOA11Ka 

11ccneA0BaH1111 !!Apa KJieTK11 MeTOAOM C3MYPH. 3Ta MeTOA11Ka s 6yAYIQeM MOJKeT 6bITb 

np11MeHeHa K 113yqeHl1!0 6ecKOHe'IHOro MHOroo6pa311ll 611onorn'leCKl1X KJ!eTOK 11 11X 

B03MOlKHOMY 113MeHeHl1!0 TIOA BJ!HJIHl1eM BHelllHl1X <!>aKTopoB. 

2. ,Unll on11caHl1ll KpynHOMaCIIITa6HOH opraH11Jau1111 xpoMaTl1Ha B l!Apax Kyp11HblX 

3Pl1TPOQl1TOB 11 KJieToK HeLa pa3pa6oTaHa MOAeJib norap11¢M11'1ecKoro ¢paKTana, 

xapaKTep113}'101Qeroc11 Mepow µ(r) = r
0

f lnf,.(1 / r) c Df=3 11 /:;= -1 , KOTOpbIH, no B11A11MOMy, 

JIBJ!JleTCll OTJ!l1'111TeJ!bHOH xapaKTep11CTl1KOH lKl1BblX Cl1CTeM. 

3. BnepBble noKaJaHo, 'ITO MOAeJib ¢paKTaJibHOH rno6ynb1 He YAOBJieTBop11eT 

3KCnep11MeHTaJibHblM AaHHblM Manoyrnoeoro pacceJIHl1JI HeHTPOHOB Ha l!Apax 611onorn'leCKl1X 

KJ!eTOK, B TO BpeMJI KaK, MOAe!lh norap11¢M11'1eCKOro ¢paKTana xopOIIIO OTil1CbIBaeT 

JKcnep11MeHTaJihHb1e AaHHhre MYPH, a, cneAOBaTeJibHO, 11 11BJIJ1eTCJ1 xopo1I111M np116n11JKeH11eM 

AJ!ll on11caH1111 KpynHoMaCIIITa6Hoi1 CTPYKTYPhl xpoMaT11Ha. 

4. Bnepsb1e MeTOAaM11 MYPH 11 C3MYPH noKaJaHo, 'ITO CTPYKTYPHa11 opraH11JauHJ1 

xpoMaT11Ha B 11Apax KJieTK11 HeLa, aHaJIOrH'IHa AByxypoeHeBOH ¢paKTaJibHOH opraH11Jau1111 

xpoMaT11Ha B l!Apax Kyp11HblX 3Pl1TPOQ11TOB. 
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Hay'lHaH u npaKTH'lecKaH JHa'lHMOCTb pa60Ti.1 

YcTaHOBJieHHbie B pelyJihTaTe BbinOJIHemu1 AaHHOH pa60Tbl JaKOHOMepHOCTH BHOCJIT 

3Ha'lHTeJibHblH BKJiaA B COBpeMeHHbJe npeACTaBJieHIUI 0 cjJpaKTaJibHOH opraHHJal.{HH xpoMaTHHa 

B HHTepcjJaJHOM llJ:lpe 6HOJIOrH'leCKOH KJieTKH. TIOJIY'JeHHble 3KCnepHMeHTaJibHbJe pelyJibTaTbl 

MOfYT 6b!Tb BOCTPe6oBaHbl B HaY'JHblX Jia6opaTOpHllX, 3aHHMalOLUHXCJI npo6JieMaMH reHeTHKH 

" KJieTO'lHOH 6HOJIOfHH, " B 6yAYLUeM MOfYT 6b!Tb noJie3Hbl npu pa3pa60TKe JieKapcTB npOTHB 

OHKOJIOfHH. 

OcHOBHble UOJIOlKeHHH, BbIHOCHMble Ha 33ll!HTy: 

l. TiorpaHH'lHblH CJIY'JaH nepexoJ:(a OT o6beMHOf0 K noBepXHOCTHOMY cjJpaKTaJiy, 

xapaKTepH3YJOLUHHCJI JaBHCHMOCTbl-0 HHTeHCHBHOCTH pacceJIHHll OT nepeAaHHOfO HMnyJibCa 

I(Q)-(l+(Q~)2r3'2 , cooTBeTCTBYeT C3MYPH cjJyHKI.IHH G(z) paBHoii y6hrna10meii 3KcnoHeHTe 

exp(-z/~) , a KOppeJll!l.{HOHHal! cjJynK!.{Hll B o6JiaCTH cjJpaKTaJibHOro noBCJ:(eHHl! B 3TOM CJIY'Jae 

nponop1.1noHaJihHa ln(1;/r) u HMeeT HC06bI'lHOe Macwrnfa1oe CBOHCTBO y(r/a)=y(r)+ln(a), T. e. 

YMCHbWCHHe Macwrn6a J:(aeT 3AJ:\lfTHBHYJO A06aBKY K KOppeJll!l.{HOHHOH cjJynKI.IHH, a He 

MYJihTHnJinKaTHBHYJO, KaK B CJIY'Jae o6beMnoro cjJpaKTana. 

2. HaAHyKJieocoMHM opranuJaQHll xpoMaT11Ha B llJ:lpax KypHHhIX 3pHTPOI.IHTOB H llApax 

HeLa npeACTaBJll!eT co6oii AByxypoBHeByio cjJpaKTaJibHYJO CTPYKTYPY· MeJIKOMacwTa6HbIH 

cjJpaKTaJibHb!H ypOBCHb onHCbJBaeTCll MOJ:(eJiblO 06bCMHOf0 cjJpaKTana c pa3MepHOCTblO 

Dr2.46±0.0l B llApax KypHHbIX 3PHTPOI.1HTOB u D r 2.4l± 0 .01 B llJ:lpax HeLa. 

KpynHOMacwTa6HblH cjJpaKTaJibHblH ypoBeHb OnHCbIBaeTCJI MOACJiblO JiorapucjJMH'leCKOfO 

cjJpaKTana. 

3 . CTPYKTYPa norapncjJMH'lecKoro cjJpaKTana B llJ:lpax HeLa npoCTupaeTcll Ha ABe AeKaJ:lhI 

no WKaJie pa3MepoB, B TO BpeMR KaK o6beMHblH cjJpaKTaJI pacnpocTpanlleTCJI TOJibKO Ha OAHy. B 

llJ:lpax KypHHbIX 3PHTPOQHTOB - Hao6opoT: JIOrapucjJMH'leCKHH cjJpaKTaJI cymecrnyeT B npeJ:(eJiax 

OAHOH J:(eKa]\bl, a 06beMHblH cjJpaKTaJI pacnpOCTPaHeH na ABC. B OTJIH'lHH OT llAep KypHHblX 

3PHTPOI.IHTOB, llJ:lpa HeLa HMelOT TeHJ:(eH!.{HIO arnoMepupoBaTb co BpeMeHeM. TipH 3TOM llApa 

HeLa rny6oKo na 1-2 MHKpona nponnKalOT B coceAHee llJ:IPO B npouecce arn0Mepa1.1uu. 

4 . TioKaJano, 'lTO MOAeJib cjJpaKTaJibHOH rno6yJibl , npOCTPaHCTBeHHal! CTPYKTYPa KOTOpOH 

onHCbJBaeTCll TPCXMCpHOH KpHBOH fHJib6epTa (Tieano HJIH Apyroii 3anoJIHlllOLUCH npoCTPaHCTBO 

KpHBOH) He YAOBJleTBOplleT 3KCnepuMeHTaJibHblM J:(aHHblM MaJIOyrJIOBOfO paccellHHll HeHTpOHOB 

Ha llJ:lpax 6nonorn'leCKHX KJieTOK. Hanponrn, MOACJib norapncjJMH'lCCKoro cjJpaKTana xopowo 

onucbJBaeT 3KcnepnMeHTaJibHbie J:(aHHbie MYPH, a, cJieAOBaTeJibHO, H llBJilleTcll xopownM 

npu6JinlKeHneM AJill onucaHHll KpynHoMacwTa6Hoii opraHHJaQHH xpoMaTuna B llApe 

6HOJIOrH'leCKOH KJieTKH, HaXOJ:lllLUeHCJI B HHTepcjJaJHOM COCTOJIHHH. 
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Anpo6al!HH pa6oTbl 

OcHOBHbie pe3yJihTaTbl pa60TbI 6hIJIH npeACTaBJieHhI Ha HaY'JHbIX ceMHHapax B <t>f6Y 

TII151<t> Hl11.( KH (HaY'JHbie ceMHHaphI OHKC), CTI6fY, a TaKJKe Ha cJieAYJOLUHX poccuiicKHx u 

MelK)lynapOJ:IHblX KOHcjJepeH!.{Hl!X: 

,/ Ha KOHcjJepeH!.{HllX no HCnOJib30BaHHIO pacceJIHHl! HeHTPOHOB " CHHXPOTPOHHOfO 

H3JIY'JeHHll B KOHJ:leHcupoBaHHbIX cpeAax "PHl1Cl1-KC -2014 H PHHKC-2018; 

,/ Ha 'leTbipex COBemaHHJIX no MaJIOyrJIOBOMY pacceJIHHIO HeHTPOHOB "MYPoMeu" (2014, 

2015, 2016, 2017); 

,/ Ha nl!TH WKOJiax TII151<t> Hl11.( KH no cjJHJHKe KOHAeHcupoBaHHoro cocTOllHHll "<t>KC" 

(2015, 2016, 2017, 2018, 2019); 

,/ Harv elKefOJ:(HOM MOJIOJ:(elKHOM HaY'JHOM cjJopyMe "Open Science 2017"; 

,/ Ha AByx MelK.llynapOJ:IHbIX HaY'JHbIX WKOJiax "RACIRI Summer School" (2015, 2016); 

,/ Ha eBponeiicKoii HaY'JHOH WKOJie "HERCULES Europen School 2016"; 

,/ Ha MelK)lynapOAHOH KOHcjJepeH!.{HH "PNCMl 2016" no pacceJIHHIO nom1pH30BaHHblX 

HeHTPOHOB B KOHJ:(eHCHpOBaHHblX cpeAax; 

,/ Ha TPeX WKOJiax no cjJH3HKe nOJillpH30BaHHblX HeHTpOHOB "<t>TIH" (2015, 2016, 2018); 

,/ Ha eBponeiicKOH KOHcjJepeH!.{Hfl no HeHTPOHHOMY pacceJIHHIO "ECNS 2019" 

Oy6nuKayuu no TeMe l(HCcepTayuu 

OcHOBHbie pe3yJibTaTbI no TeMe J:IHCCepTauuu ony6JIHKOBaHhI B 5 pa6oTax B H3AaHHllX, 

peKOMeHJ:(OBaHHblX BAK (4 H3 KOTOpbIX HHJ:(eKCHPYJOTCJI MelKAynapOAHblMH CHCTeMaMH 

l.IHTHpOBaHHll Web of Science H Scopus (5-8], u HHAeKCHPYJOTCll Hal.{HOHaJibHOH 

6n6nuorpacjJn'lecKoii 6aJoii AaHHbIX HaY'JHOro 1.1urnpoBaHHl! PHHI..( [9]) . 

JIH'lHblH BKJl31( aBTOpa 

Bee npeACTaBJieHHb1e pe3yJihTaTbI nOJIY'JeHbI aBTopoM pa6oThI HJIH npu ero 

HenocpeJ:1CTBe11110M Y'JaCTHH. ABTop pa3pa6oTan u pacwupnn KJiaccucjJuKal.{HIO cjJpaKTaJibHbIX 

o6beKTOB OCHOBaHHYJO Ha pe3yJibTaTax MeTOAa MaJIOyrJIOBOfO paccellHHll HeHTPOHOB, npoBeJI 

ace 3KCnepnMeHTbI no MYPH H npHHHMaJI aKTHBHOe Y'JaCTHe B 3KcnepuMeHTaX no C3MYPH, 

o6pa6oTan, npoaHanH3HpoBan H HHTepnpeTupoBan Bee npnBeAeHHhie AaHHhie, a TaKJKe 

nOJ:(fOTOBHJI HaY'JHbJe ny6JIHKal.{HH H AOKJia]\bl. 

06oeM " CTpyKTypa pa60Tbl . .[(uccepTal.IHll COCTOHT H3 BBe]\eHHll , nllTH rnaB, 

3aKJIIO'leHnll. rioJIHbIH o6beM Ancceprnuuu cocTaBJilleT 120 CTPaHHI.1 c 32 pucynKaMH u 1 

rn6nuueii. CnucoK JIHTepaTypbI COAeplKHT 76 HanMeHOBaHHH. 

OCHOBHOE CO,ll;EP)KAHllE PAliOTbl 

Bo BBel(eHHH o6cylK)laeTCll aKTyaJibHOCTb HCCJie]\OBaHHH, npOBOAHMblX B paMKax 

J:IHCCepTal.{HOHHOH pa60Tbl, cjJopMyJIHPYJOTCll l.{eJIH H 33J:1a'JH pa60Tbl, onpeAeJieHbl 06beKTbl 
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HCCJietiOBaHHH. 060CHOBblBaeTCll Ha)"!Hal! HOBH3Ha H npaKTH4eCKall 3Ha4HMOCTb nOJI)"leHHblX 

pe3yJibTaTOB. OnHCbrnae-rcn CTPYKTYPa H co11epi1<aHHe pa60TbI. 

B n epeou rnae e npeticTaeneH o63op coepeMeHHOro npeticTaeneHHll 06 opraHHJauHH 

xpoMaTHHa B lltipe HHTepcpa.3HOH 6HOJIOrH4eCKOH KJieTH. fnaea COCTOHT H3 tlByx pa.JtieJIOB. B 

nepBOM H3JIOlKeH coepeMeHHblH B3rnl!ti Ha MeJIKOMaCuJTa6Hyio opraHHJaumo xpoMaTHHa, a BO 

BTOpOM Ha KpynHOMaCll!Ta6H)'IO, COOTBeTCTBeHHO. MHoroKpaTHOe COKpaweHHe JIHHeHHblX 

pa.3Mepoe )],HK o6ecne4HBaeTCll ee ynaKOBKOH B xpoMaTHH c nOMOlUblO cneuHaRbHb!X 

«apxHTeKTypHbIX» 6eJIKOB. YnaKOBKa )],HK npOHCXOtlHT e HeCKOJibKO :nanoe. HaH6onee 

HJ)"leHHOH C4HTaeTCll HYKfleOCOMHan CTPYKTYPa HHTepcpa.JHOro xpoMaTHHa, e TO epeMl! KaK ero 

KpynHoMaCll!Ta6Han CTPYKTYPa Ha cerot1Hllll!HHH MOMeHT 11ocToeepHo HeHJBeCTHa. Ha 

cerot1Hllll!HHH MOMeHT ttaH6onee nonynnpHan MOtieJib, onHCbIBaJOwan TPexMepH)'IO 

KOHcpHrypauHIO ynaKOBKH xpoMaTHHa B lltipe KneTKH - MOtieJib CKJiati4aTOH HJIH cppaKTaRbHOH 

rno6ynb1. B nl!TOH rnaee Mb! no11po6tto paccMaTPHBaeM MOtieJib cppaKTaRbHOH rno6ynb1 H 

MOtieJib norapHcpMH4eCKOro cppaKTana, pa.3pa60TaHHOH B paMKax tiaHHOro HCCJietiOBaHHll 11 

cpaeH11eaeM BOJMOlKHOCTb 11x np11MeH11MOCT11 tlflll on11caHHl! pe3yJibTaTOB MYPH Ha 1111pax 

6110JIOrH4eCKHX KJleTOK. 

B o BTOp OH rnaee on11cattbl OCHOBHb!e MeTOtlbl l1CCJiet10BaHHll, a TaKlKe npouecc 

np11roTOBJieHl1ll o6pa.JuOB lltiep KneTOK. )J,Jill aTTeCTall1111 ueJIOCTHOCTl1 11 oueHKl1 CTeneH11 

MOHOt1ecnepCHOCTl1 BbltieJieHHblX lltiep 11cnOJib30Banacb npOT04Hal! lll1TOM~l1ll 11 

KOHcpOKaRbHal! M11KpOCKOnHll . 0CHOBHblMl1 MeTotiaMH l1CCJiet10BaHl1ll B 1111ccepTa1ll10HHOH 

pa6oTe 6brn11 MeTOtlbl HeHTPOHHOro paccellHHll, a HMeHHO, KnaCCH4eCKOe Manoyrnoeoe 

paccel!HHe HeHTPOHOB, ynbTPaManoyrnoeoe paccel!HHe HeHTPOHOB H cnHH-3XO Manoyrnoeoe 

paccel!HHe HeHTPOHOB, KOTOpbie no3BOJIHJIH nOJI)"l11Tb CTPYKTYPH)'IO HHcpOpMauHIO 06 

opraHHJauHIO xpoMaTHHa B lltipe 6HOJIOrn4eCKOH KJieTKH Ha MaCll!Ta6ax OT HeCKOJlbKHX 

HaHOM~OB tlO HeCKOJlbKHX MHKpOMeTPOB. 

B Tp eTbeH rnaee noKa.JaHbl HetiOCTaTKH H npOTHBOpe4Hll cywecTey10wei1 KOHuenuHH 

paccel!HHll Ha cppaKTaRbHb!X o6neKTax, ccpopMHpOBaBll!eHCll B KOHue xx eeKa. IlpetiCTaBJieH 

no11xo11 tlJlll pac4eTa KOppeJillllHOHHOH cpyttKllHH, OCHOBaHHblH Ha aHanHJe ce4eHHll paccel!HHll. 

B 3TOM no11xo11e npocpHJib ce4eHHl! paccel!HHll HeHTPOHOB paccMaTPHBaeTcll KaK 

Ha6JI10t1aeMoe CBOHCTBO cppaKTaRbHOH 4aCTHllhl. B MOtieJIH )"!HTblBalOTCll t1Ba OCHOBHb!X 

napaM~a 4aCTHllbl: KOHe4Hb!H pa.3Mep ~ H CTeneHb ee cppaKTaRbHOCTH D, tieTeKTHpyeMble 

4epe3 npH3MY Manoyrnoeoro HeHTPOHHOro paccel!HHll. OnHcaHHe OXBaTbJBaeT B etiHHOH 

KapTHHe noeepXHOCTHble H o6neMHble cppaKTaRbl, a TaKJKe CJI)"laH, COOTBeTCTBYJOlUHH JaKOHY 

pacce11H11n dcr/dn - Q-3 
. KoppennuHOHHall cpyHKllHll y(r) tlnl! o6neMHbrx 11 noeepxHOCTHb!X 

cppaKTanOB onHCblBaeTCll 061UHM BblpalKeHHeM 
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;>-

2 ( r )(D-3)/ 2 (r) 
y(r) = r(¥-1) ~ K(D-3) / 2 ~ , (1) 

rtie f(x) - faMMa cpyttKllHll H Kn(x) - cpyttKllHH MaKt10Hanbt1a n-oro nopllt1Ka (PHc. I). IlpH 

2< D< 3 KoppennuHOHHall cpyttKllHll coorneTcrnyeT o6neMHOMY cppaKTany c D = Dm , npH D = 3 

norapHcpMH4eCKOMy, npH 3 < D < 4 noeepxHOCTHOMY c D = 6 - D , (Dm H D , - cppaKTanbHbie 

10
4 

103 

102 

10
1 

10° 

10-' 
10-' 104 10-' 10-' 10·' 

r/C.. 

- 4 
- 3.5 

- 3 
- 2.75 

2.5 

- 2.25 

10° 

pa.3MepHOCTH o6neMHoro H 

noeepXHOCTHOro cppaKTanOB ). KpoMe 

Toro, KOppeAAuHOHHble cpyttKllHH tlnl! 

HeorpaHH4eHHb!X 

o6neMHblX, TaK 

cjJpaKTaROB, KaK 

H noeepxHOCTHb!X 

coenatialOT c aCHMnTOTHKOH nOJI)"leHHOro 

BbrpaJKeHHll Yp.(1) npH r/~< 1 , rtie ~ -

KoppennuHOHHal! tinHHa 4aCTHllbI. TaKJKe 

nOJI)"leHO BblpaJKeHHe tlnl! OtlHOMepHOH 

Koppen11u110HHOH cpyttKllHH G(z), KOTOpan 

Puc. I KoppellflljUOHlta.R !/Jy11KljU.R npu pa:JHblX H3Mep11e-rc11 B MeTotie cnHH-3XO MYPH, 

311a~e11U.RX nOKa:Jamellfl cmene111wii !/Jy 11KljUU 8 ce~e11uu 

MaJ1oyZJ108020 pacceRllU.R D = 4, 3.5, 3, 2. 75, 2.5, 2.1 8 

08oii110,11 nozapurjJMu~ecKtw 11tacwma6e. 

KOTOpoe OnHCbIBaeTCll aHanOrH4HblM 

BblpaJKeHHeM, co CtlBHfOM HHtieKca 

cpyttKllHH MaKt10Hanbt1a H noKa.JaTeJill CTeneHHOH cjJyttKllHH Ha 1/2. PeJyJibTaTbl tiaHHOH rnaBbl 

ony6JIHKOBaHbl B pa6oTe [9]. 

B 'leTeepTou rnaee npeticTaeneHbI pe3yJibTaTbI HccnetioeaHHll opraHHJauH11 xpoMaTHHa e 

lltipax KypHHblX 3PHTPOllHTOB. l1HTeHCHBHOCTb Manoyrnoeoro paccel!HHll HeHTPOHOB B 

tiHana.JOHe nepetiaHHb!X HMnyJibCOB [10- 2 + 10- 11 nm- ) OnHCbJBaeTCll CTeneHHOH cpyttKuHeH I(Q) 

- Q-D co CTeneHblO 0 = 2.46± 0.01 (PHC. 2). 11HTeHCHBHOCTb paccellHHll HeHTPOHOB tiHana.JOHe 

nepetiaHHblX HMnyJibCOB [I 0- 3 + 10-2
) nm- I TaKJKe HMeeT CTeneHH)'IO 3aBHCHMOCTb CO CTeneHb!O 

0 = 3.005±0.005 (PHc. 2). Pa.JJIH4He MeJKtiY CTeneHllMH, o6HapYJKeHHblMH e pa.3Hblx t1Hana.J0Hax 

no nepetiaHHOMY HMnynbcy Q, npHBOtlHT K JaKRIO'leHHJO o TOM, 4TO cjJpaKTanbHall CTPYKTYPa 

)],HK B lltipe MeHl!eT CBOH xapaKTep npH nepexo11e OT Manoro MaCll!Ta6a (tieCllTKH HaHOMeTPOB) 

K 6oJibll!eMy MaCll!Ta6y (coTHH HaHOMeTpoe). 

)J,nn Hccne11oeaHHll KpynHoMaCll!Tafamii CTPYKTYPHOH opraHHJauHH xpoMaTHHa e 1111pe 

lKHBOH KneTKH 6brn HCnOJib30BaH MeTOtl cnHH-3XO Manoyrnoeoro paccellHHll HeHTPOHOB 

(C3MYPH). Ha P11c.3 npe11crneneHbl pe3yn bTaTbl HJMcpeHHll non11pH3auHll P(z) Ha 1111pax 

KypHHblX 3PHTPOllHTOB H, H3BJie4eHHall HJ Hee, C3MYPH KOppennuHOHHal! cjJyttKllHll G(z). 

3KcnepHMeHTaRbHb1e t1aHHb1e tieMOHCTPHP)'IOT 3KcnoHeHuHanbHblH JaKoH G(z) = exp(-z/~) tlnl! 

cpyttKllHH C3MYPH, rtie ~ = (3.29± 0.07)-MKM - KoppennuHOHHan tiJIHHa Hccne11yeMoro 1111pa. 
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3KcnoHeH!.(11anhHaJI cpyttKl.(IUI C3MYPH COOTBCTCTBYCT Ky611'1eCKaJI 3as11Cl1MOCTb Ce'leHl1ll 

paccellHIUI HeihpoHOB B npocTpaHCTBe nepe.uaHHbIX 11MnynbCOB 11 norap11cjJM11'1eCKOH 

KOppenJ1u110HHoii cjly11Ku1111 y(r)-ln(l;/r) np11 r/~< 1 (s o6nacrn cjlpaKTanbHoro nose.11eH11J1) . 
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Puc.2 M{lJIOyZJ108oe pacceR11ue 11eiimpo1106 11a Ropax 
KypwtblX :JpumpouumotJ. Jf11me11cu611ocmb pacceR11UJ1 

11eiimpOll06 6 ouana:J011e nepeoa/lltblX UMnyJZ bC06 } 0 J + 
10- 2 nm- 1 - oa1111bte ycma1106KU TPA LLB, CaKlle, 

<Ppa11uUJ1. Jf11me11cu6ft0Cmb pacceJ111UJ1 11eiimpmt06 6 
ouanwo11e nepeoa111tblX UAlnYllbC06 10- 2 + Jrf' nm- I -

oa111tbte y cma1106KU PA20 LLB, CaKlle, <Ppa1111UJ1. 

1.0 
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0.8 
0.8 

0.6 
0.6 

HMe10m11ecJ1 3KCnep11MeHTanbHhie 

.uaHHbie no MYPH 11 cn11H-3XO MYPH 

npe.11CTasnJ110T 

.usyxyposHesoii 

cnolKHYfO KapT11HY 

cjlpaKTanbHOH 

opraH11Jau1111 xpoMaT11Ha B ll.Upe. 

MenKOMacwTa6HaJ1 cjlpaKTanbHaJI 

CTpyKTypa COOTBCTCTByeT 06bCMHOMY 

cjlpaKTany c pa3MepHOCTh!O Dr2,46, a 

KpynHOMaCwTa6HaJI 

norap11cjJMH'leCKOMY 

COOTBCTCTBYCT 

cjlpaKTany c 

KOppenRl.(HOHHOH cpyttKl.(11eii y(r)-ln(l;/r) . 

XapaKTep11cT11KH 

Ha6n10.11aeMb1x 

xpoMaT11Ha B 

3THX .usyx 

Tl1nOB opraHl13al.(1111 

ll.Upe cosepweHHO 

pa3RH'!Hbl. 06beMHbIH cjlpaKTan 

caMono.uo6eH Ha pa3HbIX MacwTa6ax, 

rnr.ua KaK norap11cjJM11'!eCKHH cjlpaKTan 

11epapXH'!eCKl1 113MeHJICTCJI np11 

Macwrn611posaHHH [5-9]. 
0 0.4 

e::_o 0.4 

0... CTpYKTypa norap11cjJM11'!ecKoro 
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0.2 

cjlpaKTana cjlopMHPYCTCll, Ha Haw B3rnll.U, 
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I
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(.uocTynHOCTb .llRJI BHeWHHX areHTOB) 11 

Z,MKM 
Puc.3 Jf3A1e11e11ue nollJlpU3a£/UU PI P0 u C3MYPH 

cu21t{lfl G 6 3atJucwt0cmu om cnu11-3xo OJZUllbl z 11a 

Ropax Kypu11bvc 3pumpo11umo6. J(a1111b1e 
OeAt011cmpupy 10m :JKcno11e1111u{lflb1tbtii 3aK011 OllJI 

rpy1tK£/UU G(z) = (exp(-zl() , ( = (3.3 ± 0.07) · lli JIM. 

Ml1HHMl13al.(1111 o6beMa (KOMnaKTHOCTb). 

MaKc11ManhHO B03MOlKHaJI nnoma.uh 

nosepxHOCTl1 

J111cpcpyJ110HHbIM 

cnoco6cTByeT 

npoucccaM H 

MexaHl13MaM uenesoro no11cKa Jl.UepHbIX 6eJIKOB, TaKl1M KaK TpaHCKpHnl.(IUI . c .upyroii CTOpOHbl, 

norapHcpM11'!eCK11H cjlpaKTan JIBnRCTCJI 6onee KOMnaKTHhIM, 'leM o6beMHblH cjlpaKTan, H n03TOMY 

3cpcpcKTHBHOCTh B3al1MO.UeHCTB11H Me)l(Jly y.uaneHHblMH reHOMHbIMH noKycaMl1 nOBbIIUaeTCJI Ja 
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J 

C'ICT YMCHhWeHHR paccTOJIHIUI Me)l(Jly HHMl1 [5]. A 3TO, B CBOIQ O'!Cpc.ub, COOTBCTCrnyc 1 

oco6oMy THny caMono.1106HJ1 c a.11.1111THBHhIM JaKOHOM Macwrn611poBaHl1ll , a llC 

MynbTHnnHKaTHBHbIM, KaK s cnyqae o6beMHoro cjlpaKTana. 

lfro KacaeTCJI MenKOMaCwTa6HOH cjlpaKTanhHOH opraHl13al.(1111, TO OHa HMeCT CTpyKTypy, 

HanOMHHa!OmyIO KnacTep .1111cpcpyJ110HHO-OrpaHH'leHHOH arperal.(11H 11 nOCTpOeHa TaK, 'IT06bl 

MaKCHManbHO o6ner'IHTh .1111cjlcjlyJ1110 6enKOB. PeJynbTaThI .uaHHOH rnasbI ony6n11Kosa11i,1 u 

pa6ornx [5, 6]. 

B fillTOH rJiase npe.uCTasneHbI pe3ynbTaThI 3Kcnep11MeHTOB no 11ccne.11osam110 
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Puc. 4 M{lfloyZJ106oe pacceJ111ue 11eiimpo1106 11a Ropax 

HeLa. Jf11me11cutJ11ocmb pacceJ111UJ1 11eiimpo1106 6 
ouana:Jo11e nep eoa/lltblX UAlnYll bC06 J. 5 · /0-3 + 2 ·} 0 2 

nm_, - oa111tbte y cma1t06KU KWS-3, MLZ, I'apxw12, 

I'epAt01tUJ1. Jf11me11cu611ocmb pacceJ111UJ1 11eiimpo1106 6 
ouanwo11e nepeoa1111bvc wtnyJZbC06 2·10- 2 + 3·/d' nm- 1 

- o a1111bte ycm01t06KU Dl 1, JLL, I'pe1106JZb, <Ppa11uUJ1. 
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Puc. 5 Jf3A1e11e11ue nollJlpU3auuu PI P0 u C3MYPH 
cu211{lfl G 6 306UCUAt0cmu om cnwt-:Jxo OJZUJtbl z 11a 

Ropax H eLa. J(a1111b1e annp0Kcwwp0Ba11b1 rpy 11Kuueii 

P(z) = exp(lu(exp(-zl() - 1)), ( = (5.1 ± 0.1) · la1 '"''· 
al= 0.46±0.01 . 
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opratt11Jau1111 xpoMaT11Ha s ll.Upax 1 lcLa 

(P11c.4). 11HTeHCl1BHOCTh Manoyrnoaoro 

pacceJIHl1JI HeHTpOHOB B .1111anaJOllC 

nepe.uaHHhIX 11MnynbCOB [8· I 0- 2 + 7· I 0 1 j 

nm- I OnHCbIBaCTCll CTeneHHOH cpyttKLll1C~i 

I(Q) - Q- D co cTeneHbIO D = 2.41 ± 0 .0 I . 

3Ta 3aBl1Cl1MOCTb .11eMOHCTp11pyCT 

cjlpaKTanbHyIO opraHl13al.(HIO ynaKOBKl1 

UHK s ll.Upe c paJMepHOCTbIO pas11oi-i 

CTeneHH D. HHTeHCl1BHOCTh pacce11111111 

HeHTpOHOB (P11c.4) .1111ana30llC 

nepe.uaHHblX 11MnynbCOB [ 1.5- LO 3 

8· 10 2
] nm I OfiHChIBaCTCll CTene11110H 

cpyttKl.(Heii c Y'!CTOM KOHe'!HOrO pa3Mepa 

pacce11saTen11 /(Q)-(1 + (Q0 2
)

0 12 co 

CTeneHblO 0 = 2.92± 0.01 H 

KOppenRl.(110HHOH .11Jll1HOH ~=6164±84nm . 

Pa3n11q11e Me)l(Jly CTeneHl!M11, 

o6HapYlKeHHblMH B pa3HblX .1111anaJ011ax 

no nepe.uaHHOMY 11Mnynbcy Q, np11BO.lll1T 

K 3aKJI10'!eH1110 0 TOM, 'ITO cjlpaKTanb11a11 

cTpyKTypa UHK s ll.Upe MeHJICT csofi 

xapaKTep npH nepexo.ue OT Mar1010 

Macwrn6a (.uecllTKH HaHOMeTpOB) K 

6onbweMy Macwrn6y (COT1111 

HaHOMeTpOB). He3as11c11Mb1e 113Mcpe111111 
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no CnH11-3xo MYPll (PHc.5) .uaior cjJy11Kt1~110 C:JMYPI I, K01opall xopou10 01111c1>111ac1cl! 

3KCCTOHeHuHanhHO JaTyxaIOmeH cPYH~HeH G(z) = exp(-z/~), r.ue ~ = (5.1 ± O. l) . I 0 1 llM -

KOppeJIJIUHOHHall ,/IJIHHa ll,/lpa HeLa B ,/IHanaJOHe cnHH-3XO .llJIHH [3· 10
2

-7J.6·10
4

] HM. 

CornacHo KOHuenuHH paccellHIDI Ha cjJpaKTanLHbIX o6beKTax [9] KoppeJIJ1UHOHHaJ1 

cjJyHKUHll ll,/lpa HeLa Ha MaCWTa6ax OT 9 HM ,/10 80 HM llBJllleTCll CTeneHHOH cpyttKUHeH y(r) -

10' 

107 

10' 

10' 

L 
10·' 

Q, HM-] 
10·2 

Puc.6 Y11bmpa MaRoy211oeoe pacceR11ue 

11eiimpo110B 11a UJ011upoea1111btx (cu11ue mo'IKU) 

u a2110Mepupoea1111btX ('1ep11b1e mo'IKU) Roep 

Hela. 

(r/~)0-3 , c D 2 ,41. CTeneHHal! 

KOppemIUHOHHal! cjlyHKUHll COOTBeTCTBYeT 

o6beMHOH cjlpaKTanbHOH CTpYKTYPe c 

cjlpaKTanbHOH pa3MepHOCThlO Dr = 2,41. Ha 

6011ee KpynHblX MaCwTa6ax, T. e. OT 80 HM 

xapaKTep KOppeJIJIUHOHHOH cpyttKUHH 

H3MeHl!eTCll Ha 11orapHcjJMH4eCKHH y(r) -

ln(~r) H npoCTHpaeTCll BnJJOTb ,/10 

Macwrn6a, COOTBeTCTBYfOUlero 

KoppeJIJ1UHOHHOH .llJIHHe ll.Upa HeLa, paBHOH 

5100 HM. 

MeTOAaMH Manoyrnosoro paccel!HIDI H 

KOHcpOKanbHOH 6LIJIO ycTaHOBJJeHO, 4TO ll,/lpa HeLa arnoMepHpYfOT co speMeHeM, 

B3aHMOnpOHHKal! 1:1pyr B 1:1pyra. 11HTeHCHBHOCTb YJJbTPa Manoyr11osoro pacceirnHll HeHTPOHOB 

Ha H3011HpOBaHHhIX (CHHHe T04KH) H arnoMepHpOBaHHblX (4epHble T04KH) ll,/lep HeLa B 0611aCTH 

ManbIX 3Ha4eHHH nepe1:1aHHoro HMny11bca noKaJaHbI Ha PHc.6. KpHBal! paccellHHll Ha 

1.4 

u 1.2 
o:s 

arnoMepHpOBaHHhIX l!Apax He La 

):leMOHCTPHPYeT He60JJbWYfO BblnYKJIOCTh, 

KOTOpal! HC4eJaeT noc11e Toro, KaK o6paJeu 

HeCKOJlbKO pa3 nponyCTHTb 4epe3 wnpHI.l c 

s~ TOH KOH HrJJOH, HHhlMH CJIOBaMH, 

1.0 

0.000 0.005 0.010 0.015 
Q,HM-I 

Puc. 7 Om11owe11ue u11meucue11ocmu 

pacceJ111UJ1 11a a2110Mepupoemmb1x Ropax Hela 

K uumeucueuocmu pacceJ11JUJ1 11a 

U3011uooea1111b1x Rooax Hela. 

nponyCTHTh cycneH3HIO l!Aep B 6bICTPOM 

noToKe. ,[(JUI aHanHJa H3MeHeHHll 

HHTeHCHBHOCTH paccellHHJI, B03HHKwei1 

npH arnoMepaUHH l!Aep, KpHBbie paccel!HHll, 

COOTBeTCTBYfO lllH e ar110MepHpOBaHHbIM 

ll,/lpaM H H3011HpOBaHbIM 6blJIH no1:1e11eHbl Ha 

paC4CTHYIO KpHBYIO paccellmUI, KOTOpal! 

COOTBeTCTBYeT l!ApaM H3011HpOBaHHblM (PHC. 7). TaKHM o6pa30M 6bIJI BbI):leJJeH BKJJa):I B 
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p11cCCHllIIC, Cllll IUllllJ,I[i c 11ap110H KOppelll!UHeH MelK)(y ll):lpaMH. 06Hap)')KeHHhlH CTHK MOlKHO 

paccMa rp11uarb KaK CTPYKTypHbIH cjlaKTop arnoMep11posaHHbIX l!Aep. 

llHK 11a PHC. 7 xopowo onHCbIBaeTCll cpyttKUHeH JlopeHua B 11orapHcjJMH4eCKHX KOOpAHHaTax c 

llCIITpOM npH Q = (5.5+/-0.3)· J 0-
3 

_, 
HM . floJJOJKeHHe MaKCHMYMa CTHKa COOTBeTCTByeT 

KOppeJJl!UHH Ha paCCTOllHHH nOpll.UKa I MHKpOH, B TO opeMll, KaK pa3Mep caMoro l!Apa 4YTb 

60JibWe 6 MHKpOH. 11pHHHMal! BO BHHM3HHe TO, 4TO ll):lpa cjJHKCHpOBaHbl H c caMHM ll/:lpOM 

HH4ero npoHCXOAHTb He MOJKeT H TOT cjlaKT, 4TO arJJOMepaUHll l!Aep 1:1aeT KOppeJJl!UHOHHbIH nHK 

Ha Macwrn6ax B CTl!Tb pa3 MeHbWHX pa3Mepa caMoro l!Apa, JIOrH4HO npe1:1nOJJOlKHTb, llApa HeLa 

npOHHKaIOT Apyr B Apyra npH arnoMepaUHH . 

l13MeHe1rne KOppe11J1UHOHHOH cpyttKUHH C3MYPH npH arnoMepaUHH MOJKHO paccMaTPHBaTb c 

T04KH 3peHHll .uonOJJHHTeJibHOro paccel!HHll HeHTPOHOB Ha KOppellllUHllX ll):lpax. B 3TOM CJJY4ae 

cjlyHKUHll, CBll3aHHal! c arnoMepauHeH, MOlKeT 6bITb H3BJJe4eHa nYTeM 1:1e11eHHll OAHOro Ha6opa 

):laHHblX Ha 1:1pyroH. Ha PHc. 8 npe1:1CTao11eHO OTHOWeHHe paCC4HTaHHOH no BbipaJKeHHIO 

CT011llpH3aUHH, COOTBeTCTBYfOUleH H3011HpOBaHHbIM ll):lpaM HeLa K 3KCnepHMeHTanbHOH 

nollllpH3aUHH COOTBeTCTBYfOUleH arnoMepHpooaHHbIM l!ApaM HeLa (4epHbie T04KH) H 

H3011HpooaHbIM ll.UpaM HeLa (cHHHe T04KH). TaKHM o6pa30M, MOlKeT 6LITb BhI.lleJJeH BKJiaA B 

cpyttKUHIO C3MYPH OT arpernpooaHHbIX (o3aHMonpo11HKa10mHx) l!Aep. Bb11:1e11eHHbJH BKJJaA 

MOlKeT 6hITb TaIOKe xopowo annpOKCHMHpooaH cpyttKUHeH JlopeHua B 11orapHcjJMH4eCKHX 

1.1 ~~~~~~-~~-~~~ ......... ---,,,, 

~ 
(.) 
~ 
0. 

0... 

1.0 
B 

0.1 I 10 
Z,MKM 

Puc.8 Om11owe11ue pacc'luma1111oii 

no11RpU3aiiuu 11a UJ011upoea1111b1x Roep HeLa 

K 3Kcnepu.Me11maRb11oii noJ1J1pU3aiiuu oJlR 

a2110Mepupoea1111b1x Roep HeLa. 

KOOPAHHaTax c ueHTPOM B 2 MKM. 11pH 

arn0Mepat1HH ll):lpa B3aHMOnpOHHKalOT, H HX 

xapaKTepHal! rny6Htta npOHHKHOBeHHJI 

AOCTHraeT npH z=2 MKM, B TO opeMll KaK 

pa3Mep llApa paoeH 5, I MKM. 

o6oHx 3KcnepHMeHTax (MYPH H C3MYPH), 

KOppeJil!UHOHIIbIH nHK onHCbIBaeTCll 

CTaHAapTHOH cpyttKUHeH (cpyttKUHJI JlopeHua), 

HO B 11orapHcjJMH4eCKOM MacwTa6e. 3To MOlKeT 

6bITb CBll3aHO c TeM, 4TO 11orapHcjJMH4eCKH 

paCTl!HYTal! BAOJlb OCH a6CUHCC cpyttKUHll JlopeHua AOJllKeH 6bITb TeCHO CBll3aH c 

11orapHcjJMH4eCKHM xapaKTepOM KOppemIUHOHHOH cpYJIKUHH. l1Ha<1e rooopll, ecJJH o6beKTbl c 

BHYTPeHHeH CTPYKTYPOH, KOTOpall OCTHCbIBaeTCll 11orapHcjJMH4eCKOH KOppellllUHOHHOH 

cpyttKUHeH, B3aHMOnpOHHKalOT, TO OHH ):la!OT napHYfO KOppellllUHOHHYIO cpyttKLIHIO, KOTOpal! 

OCTHCbJBaeTCll cpyttKUHeH Jlope11ua B 11orapHcjJMH4eCKOM Macwrn6e. Pe3yJJbTaTbl ):laHHOH rnaBbl 

ony6JJHKOBaHbl B pa6oTe [7]. 
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B wecTon rJiaBe p accMOTJ>eHhI ,[IBe cjJ113w1ecK11e MO,[len11 .!lflJI on11caHHJ1 KpynHoMacwrn6Hon 

CTJ>YKTypbl xpoMaTHHa B ll,!lpe 611onorw1ecKOH 

COCTOJIHl111 : MO,[leJJb cjJpaKTaJJbHOH rno6ynbl 11 

KJleTKl1, HaXO,[lllll.leHCJI B 11HTepcjJa3HOM 

MO,[leJJh norap11cjJM114eCKOro cjJpaKTana. 

OcHOBhIBaJICb Ha KJ1acc11cjJ11Ka1.11111 cjJpaKTan1>H1>IX o6oeKTOB, pa3pa6ornHHon c noMOll.lbl-0 MeTO,[la 

Manoyrnoooro paccellHl1JI HeHTJ>OHOB (MYPH), nOKa3aHo, 4TO MO,[leJlb cjJpaKTaJJbHOH rno6ynhl 

He Y.!IOBJJeTBOplleT 3KCnep11MeHTaJJ1>HhlM ,[laHHhlM ManoyrnoBoro pacceJ1Hl1J1 HenTJ>OHOB Ha 

ll,!lpax 611onorn4ecK11x KJJeTOK. HanpoTHB, MO,!leni. norap11cjJM114eCKOro cjJpaKTana xopowo 

on11ch1BaeT 3Kcnep11MeHTaJJhHh1e ,[laHHble MYPH, a, cne,!loBaTeni.Ho, 11 J1BJJJ1eTCJ1 xopow11M 

np116nm1<eH11eM ,[IJIJI on11caH11J1 KpynHoMacwrn6Hon CTJ>YKTYPbl xpoMarnHa. Mo,!leni. 

norap11cjJM114eCKOro cjJpaKTana npe,!1CKa31>1BaeT, 4TO 11,!lepHoe npOCTJ>aHCTBO 3anonHeHo 

xpoMaTl1HOM pOBHO HanonoB11Hy, B TO BpeMJI KaK OCTaJJbHaJI ero noJJOBl1Ha COCTaBJIJleT 

MeJKxpoMaTl1HOBbie nyCTOTbl , 3anonHeHHble HyKJJeonJJa3MOH, B KOTOpoii OCYll.leCTBJIJllOTCJI 

pa311114HhJe 11,!lepHhIX npo1.1ecch1. TaK11M o6pa30M, B CTJ>YKTYPHOH opraH11Ja1.11111 xpoMaT11Ha 

c6anaHc11pooaHbl ,[\Be npOTl1B06opcTBY1-0U111e TeH,[leH1.11111 : yseJ1114eH11e nJJOl.l.la,[111 nooepxHOCTl1 

xpoMaT11Ha B 11,!lpe KJleTKl1 (.!IOCTynHOCTH ,[lnJI BHeWHl1X areHTOB) 11 YMeH1>WeH11e o6beMa 

3aH11MaeMoro xpoMaT11HOM (KoMnaKTHOCT11 11,!lpa). Pe3ynbTaThI ,[laHHOn rnaBhI ony6n11KooaHhI B 

pa6oTe [8]. 

B 33KJll04CHl1H ccjJopMyn11poBaHbl OCHOBHble pe3yJJhTaTbl pa60ThI: 

l . ITpe,!1CTao11eH no,[IXO,[I ,[lnJI paC4eTa K0ppe11Jll.1110HHOH cjJyttKl.11111, OCHOBaHHbIH Ha aHan113e 

ce4eHHJI pacceJ1Hl1J1. B 3TOM no,[IXO,[le npocjJ11ni. ce4eH1111 pacce11HHJ1 HenTJ>OHOB 

paccMaTJ>l1BaeTCJI KaK ua6JJIO,[laeMoe CBOHCTBO cjJpaKTaJJbHOH 4aCTl1l.lbl. B MO,[leJ111 Y411TbIBalOTCJI 

,[\Ba OCHOBHblX napaMCTJ)a 4aCTl1l.lhI : KOHe4HblH pa3Mep ~ 11 cjJpaKTaJJbHblH napaMCTJ) D, 

,[leTeKT11pyeMi.1e 4epe3 np113MY ManoyrnoBoro HenTJ>OHHoro pacce11HHJ1. On11cau11e oxoaThIBaeT 

B e,[111HOH KapT11He noBepXHOCTHble, norap11cjJM114eCKl1H 11 o6beMHble cjJpaKTaJJbl. 

KoppeJJJ11.11101111aJ1 cjJyHK!.11111 y(r) ,[IJJJI o6oeMHhIX 11 nooepxHOCTHhIX cjJpaKTanoB on11ci.rnaeTc11 

06U111M Bh1paJKeH11eM 11 nponop1.1110HanhHa cjJyuK1.11111 MaK.!IOHani.,[la (D- 3)/ 2-ro nop11,!1Ka, 

nOMHOJKeHHOH Ha CTeneHHYl-0 cjJyttKJ.IHIO / D-3)12. ITp11 2 < D < 3 KOppeJJJ11.1110HHaJ1 cjJyuKU11J1 

cooTBeTCTsyeT o6oeMHOMY cjJpaKTany c D = Dm, np11 D = 3 - norap11cjJM114ecKoMy, np11 3 < D < 

4 - noBepXHOCTHOMY c D = 6 - Ds (Dm 11 Ds - cjJpaKTanhHhie pa3MepHOCTl1 o6beMHOro 11 

nosepXHOCTHOro cjJpaKTana) . KpoMe Toro, 1<oppeJJJ11.1110HHh1e cjJyuK1.11111 ,[IJJll HeorpaH114eHHhIX 

cjJpaKTaJJOB, KaK o6beMHbIX, TaK 11 nosepXHOCTHblX, COBna,[lalOT c ac11MnTOTl1KOH nOJJY4eHHOro 

si.1paJKeH11J1 np11 r/~ < l, r,!le ~ - KoppenJ11.1110HHaJ1 .!IJll1Ha 4acT111.1i.1. TaKJKe nonY4eHo 

BbipaJKeH11e ,[lnll 0,[IHOMepHOH KOppeJIJll.1110HHOH cjJyttKl.11111 G(z), KOTOpall 113Mep11eTCJI B MeTO,[le 

cn11H-3XO Manoyrnosoro paccellHHJI HeHTJ>OHOB. <llyHKJ.11111 cn11H-3XO ,[IJll1Hbl cjJpaKTaJJbHOfO 
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06beKTa on11CbIBaeTCll aHaJJOfH4HblM BbipaJKeH11eM, co C,[IBl1fOM 11H,[leKca cjJyttKl.11111 

MaK.!IOHaJJb,[la 11 noKaJaTeJIJI cTeneHHOH cjJyttKl.11111 Ha l / 2 . 

2. 06HapYJKeHHble nOKa3aTeJ111 B CTeneHHOM 3aKOHe 11HTeHCl1BHOCTl1 pacceJIHl1JI Ha ll,!lpax 

HeLa aHanorn4HbI TaKOBhIM np11 pacce11H1111 Ha 11.!lpax Kyp11HhIX 3p11TJ>Ol.111TOB 11 n0.!1KpenJJJ11-0T 

061.1.1Y1-0 rnnoTe3y 0 611-cjJpaKTaJJbHOH CTJ>YKType xpoMaTHIIa B 11HTepcjJa3HblX ll,!lpax. 

MeJJKOMacwrn6HaJI cjJpaKTaJJbHall CTpyKTypa COOTBeTCTByeT o6beMHOMY cjJpaKTany c 

pa3MepHOCTblO DF = 2 ,41, a KpynHOMacwrn6HaJI COOTBeTCTBYeT norap11cjJM114eCKOMY cjJpaKTany 

c KOppeJIJll.1110HHOH cjJyHK!.111eii y(r) - ln(~r). 06beMIIblH cjJpaKTan caMono,[lo6eH Ha pa3HbIX 

MacwTa6ax, TOr,!la KaK norap11cjJM114ecKHii cjJpaKTan 11epapx114ecK11 113MeH11eTc11 np11 

MacwTa611poBaH1111. B pe3y111>TaTe norap11cjJM114CCK11ii cjJpaKTan J1BJIJ1eTC11 6oncc KOMnaKTHhIM, 

4eM o6beMHblH cjJpaKTan, HO OH see e1.1.1e 11MeeT ,[IOBOJlbHO 60JJblliYIO nJJOUla,[lb nosepxHOCTl1, 4TO 

o6ecne411BaeT ,[IOCTynHOCTb Ha scex Macwrn6ax ,[lnl1Hbl. 04eBl1,[IHO, 4TO TaKall 611-cjJpaKTaJJbHall 

opraH113a1.111J1 xpoMaT11Ha JIBJIJleTCJI pe3yJJbTaTOM 3BOJllOl.1110HHOro npouecca onTHMJ13al.11111 

KOMnaKTHOCT11 11 .!IOCTynHOCTH ynaKOBKl1 reHOB. MenKOMacwTa6Ha11 cjJpaKTaJJhHall opraH113a1.11111 

nOCTJ>OeHa TaK, 4T06bl MaKCl1MaJJbHO o6ner411Tb ,[IHcjJcjJyJ111-0 6eJJKOB, B TO speMll KaK 

KpynHoMacwTa6HaJI norap11cjJM114eCKOro cjJpaKTana cjJopM11pyeTCll no,[I BJll111Hl1eM .!IBYX 

cjJaKTopoB: ,[111cjJcjJyJl111 6eJJKOB 11 B3al1MO,[leHCTBl111 reHOB . 

3. CTJ>YKTypa norap11cjJM114ecKoro cjJpaKTana B 11.!lpax HeLa npocT11paeTc11 Ha ,[IBe ,[leKa,[lhI, 

B TO speMJI KaK 06beMHblH cjJpaKTan pacnpOCTJ>aHlleTCJI TOJlbKO Ha 0.!IHy. B ll,!lpax Kyp11HblX 

3p11TJ>Ol.111TOB see o6CTOl1T c T04HOCTblO ,[10 Hao6opoT: norap11cjJM114eCKl1H cjJpaKTan BCTJ>e4aeTCll 

s npe,!lenax O.!IHOH ,[leKa,[lhl, a 06oeMH1>1n cjJpaKTan pacnpocTJ)aHeH Ha ,[IBe. Mi.1 npe,!lnonaraeM, 

4TO 3TO pa3JJl1411e CBll3aHO c TeM, 4TO ll,!lpO Kyp11HOro 3p11TJ>Ol.111Ta Hl1KOr,[la He nepeX0,[111T B 

Ml1TOTl14eCKYIO cjJaJy 11 Hl1KOr,[la He ,[leJll1TCll HaX0,[111TCll, a ll,!lpO HeLa ,[leJll1TCJI . 3To TaKJKe 

MOJKeT 6bITb CBll3aHO c 3nl1CTa30M: ll,!lpa, B KOTOpblX np011CX0,[111T 60JJbWOe KOJll14eCTBO 

B3al1MO,[lencTBl1H MeJK,[ly JIOKycaMH, 11Mel-OT 6onee ,[ln11HHblH ,[111ana30H norap11cjJM114eCKOrO 

cjJpaKTana. 

4. B OTJll141111 OT 11,!lep Kyp11HblX 3p11TJ>Ol.111TOB, 11,!lpa HeLa 11Mel-OT TeH,[leHl.1111-0 

arnoMep11pooaThC11 BO BpeMeH11. Eonhwoii ,[111anaJOH pacnpOCTJ>aHeH1111 norap11cjJM114ecKon 

cjJpaKTani.Hoii CTJ>YKTYPhl KpynHoMacwrn6Hoii opraH113a1.11111 xpoMarnHa no3BOJJJleT ll.!IPY HeLa 

rny6oKo npoH11KaTh B coce,11Hee 11,!lpo B npouecce arn0Mepa1.11111. <lleHOMeH 

B3a11MonpoH11KHOBeH1111 ll.!lep HeLa nOKa3hIBaeT, 4TO cB060,11Hoe OT xpoMaT11Ha npOCTJ>aHCTBO 

OAHOrO ll,llpa MOJKeT 6bITb 3aHJITO He 4eM-TO npeHe6peJKJ1MO MaJJbIM: OHO paBHO o6beMy, 

3aH11MaeMOMY caM11M xpoMaTHHOM. CB060,11Hoe npocTpaHCTBO BHYTJ>H ll,!lpa Heo6xo,!111Mo .!IJlll 

npouecca Cl1HTe3a )J,HK, BO BpeMJI S-cjJa3hI, KOf,[la B 0,[IHOM 11 TOM JKe o6beMe 11,!lpa )J,HK. 
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nJiaro)lapHOCTH 

Asrnp 6rraro11apuT fp11ropbesa Ceprell BarreHrnHos11qa 3a HayqHoe pYJ<OBOllCTBO, TepneH11e 11 

HeOQeHHMYJ-0 nOMOlllb B XO)le BbinOJJHeHllll HaCTOllllleH pa60Tbl. 

Asrnp BbipaJKaeT 6rraro11apHOCTb COTpYllHllKaM I1eTep6yprcKoro I1HCTl1TYTa .SlllepHOH <f>l1311KH 

11MeH11 B. rr. KoHCTaHTHHOBa HI1~ KI1 M11xa11rra BarreHTl1HOBHqa ct:>11rraTOBa, P11MMY 

Arrb6epTOBHY I1aHTHHY H ErreHy IOpbeBHY BapcjlarroMeesy 3a npe11ocrnsrreHHb1e o6pa3QbI 1111ep 

KJJeTOK 11 llX aTTeCTaQllIO c noMOlllblO npOTOqHOH Q11TOMeTpl111 11 KOHcjJOKaJJbHOH Ml1KpOCKOn1111, 

a TaKJKe 3a nrro110TsopHoe 06CYJK1leH11e 110rryqeHHblX pe3yJJbTaTos. AsTop Bb1paJKaeT 

npH3HaTeJJbHOCTb BHMY BoyMaHy 11 Kp11cy )J,aiicjly (TexH11qecK11i1 YH11sepc11TeT )J,errcjlrn) 3a 

nOMOlllb B npose)leHl111 3KCnepHMeHTOB no CnllH-3XO MarroyrnoBOMY paccel!HHIO HeHTpOHOB, a 

TaKJKe, B11Tarr11IO I111n11qy (~eHTp XaiiHQa Mai1epa-Jiei16HHQa), Baoxay By (~eHTp XaiiHQa 

Mai1epa-Jlei16H11Qa), )J,HpKy XoHeKepy (I1ttCTHTYT JiayJ-JlaHJKesetta), AHHll Bpyrre 

(Jia6oparnpmr JieoHa Bp11rrrrIOJHa) 3a noMOlllh s npose11ett1111 JKcnep11MeHTOB no 

MarroyrrroBOMY paccellHHIO HeHTpOHOB. KpoMe Toro, asTOp 6rraro11apHT CB011X pO)lHhlX II 

6JJl13KHX 3a yqacT11e H MOpaJJhHYJ-0 noMeplKKy. 
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